There are several types of disc brake instabilities associated with the brake systems; however, they are usually classified into two main categories depending on the frequency range: brake groan 0-300 Hz and brake squeal 1-16 kHz. The groan is associated with the stick-slip motion while the squeal is associated with the modal coupling. This paper presents a detailed analysis of low frequency noise (0-300 Hz) in a commercial vehicle trailer disc brake as a result of stick-slip vibration. A range of experimental techniques are used to understand the characteristic behaviour of the caliper and the brake pads during braking events on a laboratory test rig. The analysed brake system comprised a full disc brake assembly and the trailer suspension system with a beam axle. Laser-based optical displacement sensors were used to investigate the deformation of the caliper body and the brake pads during a braking application. The contact pressure distribution at the disc/pad interfaces were also measured to gain more insight into the contact profile of the pad surfaces. Results revealed that the stick-slip phenomenon, in this study, was a result of the combination of the deformation of the caliper and the friction material formulation of the brake pads. In addition, it was observed through the testing of two different sets of pads that a low compression modulus would help to reduce the stick-slip phenomenon.
INTRODUCTION
Brake noise and vibration continues to be a major concern for the automotive industry. An assortment of techniques and theories is utilised, within both industry and research institutes, to eliminate or diminish the noise and vibration of the brake assembly. However, there is still lack of any universal model or theory which can explain the behaviour of a noisy brake system in general.
1 There are several types of brake instabilities associated with disc brake assemblies; however, in this paper, the focus was upon the mechanically driven instability of stickslip vibration. This is a low frequency noise, typically less than 200Hz, which occurs at low speed and is initiated by the "stick-slip" motion between the disc/pad interfaces.
2, 3 Stickslip phenomenon at the disc/pad interfaces is associated with the disc speed and the difference between the static and dynamic coefficients of friction of the disc and friction material. It is known that stick-slip may be the result of the disc/pad interface friction characteristics with the dynamic friction coefficient being less than the static friction coefficient (stiction) and the negative slope of the /speed graph. The resulting, so called, "stick-slip" instability is highly dependent on the "system" inertias (masses) and "system" stiffness which in turn includes both the suspension and caliper mounting stiffness.
4 Jang, et al.,
5 suggested a number of methods to eradicate the vibration due to stick-slip behaviour in a brake disc assembly. They emphasised that the propensity of vibration can be reduced by modifying the mechanical assembly, typically, by increasing the damping of the brake assembly and increasing both the inertia of the body, the caliper stiffness and its mounting stiffness. The other significant recommendation was to diminish the oscillatory vibration at the disc/pad interfaces by changing the formulation of the friction material to develop a more uniform and controlled transfer layer on the disc and pad surfaces. Fuadi, et al., 6 suggested that the brake assembly is more prone to "groan" noise when the value of stiffness ratio (the ratio of the contact stiffness to structural stiffness) is high. They established that the stick-slip vibration phenomenon can be avoided if the difference between the static and dynamic coefficients of friction is low. Kim, et al., 7 examined the friction characteristics of abrasive particles using silicon carbide, zircon, quartz, and magnesia. For microscopic understanding of friction and wear, they performed single-particle scratch tests followed by scratch tests with multiple particles. The results showed that the fracture toughness of the abrasives played a crucial role in determining the friction level, wear debris formation, and stick-slip. The friction material with silicon carbide exhibited a considerable stick-slip behaviour, indicating a possible high propensity of noise occurrence during brake applications. On the other hand, the quartz and magnesia particles with low fracture toughness showed relatively small stick-slip amplitudes. Xie, et al., 8 investigated the propensity of brake moan noise on basis of damping ratio of a dynamic brake system model. By using the finite element model and experimental studies, they examined the effects of the brake pad taper wear on brake moan noise. The results showed that the brake pad taper wear is a main factor for generating the brake moan noise. They established that the negative damping ratios and the tendency of brake moan increased as the pad wore down. The results indicated that the effect of friction coefficients played a significant role on the generation of brake noise, and the instability of the brake system increased with the higher value of friction coefficient. Kim, et al., 9 replicated the moan noise during the vehicle's operating test and identified that the resonance of the beam axle module, due to the exciting force of the brake system, is the main cause of moan noise. They conducted both
